The effect of butanol challenge (0, 1.0, 1.5% [vol/vol]) and growth temperature (22, 37, 42°C) on the membrane composition and fluidity of Clostridium acetobutylicum ATCC 824 and a butanol-tolerant mutant, SA-2, was examined in chemically defined medium. Growth of strain ATCC 824 into the stationary phase coincided with a gradual increase in the percent saturated to percent unsaturated (SU) fatty acid ratio. When challenged with butanol at 22 and 37°C, ATCC 824 demonstrated an immediate (within 30 min) dose-response increase in the SU ratio. This strain showed little additional change over a 48-h fermentation. Compared with ATCC 824, growth of SA-2 into the late stationary phase at 22 or 37°C resulted in an overall greater increase in the SU ratio for both unchallenged and challenged cells. This effect was minimized when SA-2 was challenged at 42°C, probably due to the combination of the membrane fluidizing effect of butanol and the elevated temperature. Growth at 42°C resulted in an increase in longer acyl chain fatty acids at the expense of shorter acyl chains for both strains. The membrane fluidity exhibited by SA-2 remained essentially constant at various butanol challenge and temperature combinations, while that for the ATCC 824 strain increased with increasing butanol challenge. By synthesizing an increased amount of saturated fatty acids, the butanol-tolerant SA-2 strain has apparently developed a mechanism for maintaining a more stable membrane environment. Growth of the microorganism is necessary for butanol to fluidize the membrane. Incorporation of exogenous fatty acids (18:1) did not significantly improve the butanol tolerance of either strain. Since SA-2 was able to produce only trace amounts of either butanol or acetone, increased tolerance to butanol does not necessarily coincide with greater solvent yields in this strain.
Currently, the acetone-butanol-ethanol (ABE) fermentation method does not compete economically with the petrochemical route for butanol production. The energy requirements for distillative recovery of butanol (normally present at less than 2 to 3% [wt/vol] in the fermentation broth) exceed the net energy gain (30) . It has been calculated that increasing the butanol concentration from 1.2 to 1.9% (wt/wt) would halve the energy consumption for distillation (30) . The primary reason for the low butanol concentration is the toxicity of the butanol to the producing microorganism, since, in most cases, there is plenty of substrate remaining after the fermentation terminates.
Results of studies in other biological systems have shown that alcohols act to disrupt the cell membrane structure and thereby inhibit cellular processes (11, 18, 35) .
The exact mechanism by which alcohols affect the membrane bilayer is not known. Ingram and Buttke (11) suggested that the short-chain alcohols (i.e., one to four carbons) solidify or freeze the membrane by intercalating between and restricting movement of the acyl chains. Longer-chain alcohols (i.e., four to nine carbons) fluidize the membrane by anchoring at the phospholipid head groups and increase the distance between the acyl chains. Also, the particular physical effect of the alcohol and the consequent biological response of the microorganism are dependent on other environmental factors such as temperature and pH.
It has been reported that butanol causes an increase in the fluidity of lipid dispersions derived from Clostridium acetobutylicum ATCC 824 (36) . The biological response of the microorganism to offset the disruptive effect of butanol is * Corresponding author.
to increase the synthesis of saturated acyl chains at the expense of unsaturated chains. A similar response is observed when Clostridium butyricum is exposed to elevated temperatures (14) . It has been further suggested (36) that if the cell could not alter its lipid composition in response to butanol, the cell would be even more sensitive to this alcohol than is observed. The objective of this investigation was to examine the effect of butanol challenge and temperature on the fatty acid composition and membrane fluidity of wildtype and butanol-tolerant C. acetobutylicum strains. A comparison of the membrane-related changes in the two strains should help to elucidate the basis for increased butanol tolerance.
MATERIALS AND METHODS Strains and culture maintenance. C. acetobutylicum ATCC 824 was grown anaerobically at 37°C for 72 h in either brain heart infusion (BHI) broth or cooked meat medium (Difco Laboratories, Detroit, Mich.) and subsequently stored at room temperature under anaerobic conditions as spores. Before use in a particular experimental study, the ATCC 824 strain was subjected to a heat shock treatment (80°C for 10 min followed by cooling on ice for 2 min). The butanoltolerant SA-2 mutant was derived from the ATCC 824 strain by using a serial enrichment procedure that was carried out essentially as described previously (21) . This strain was maintained by weekly transfer through BHI and chemically defined P2 medium (R. Machanoff, personal communication) plus 1.5% butanol. SA-2 was inoculated at the 1% (vol/vol) level into BHI broth and incubated at 37°C for 15 h or until the culture exhibited active growth. The cells (5 ml) were then inoculated into 90 ml of P2 medium. P2 medium was composed of the following separately prepared solutions (in grams per 100 ml of distilled water, unless indicated otherwise): 20 g of glucose-790 ml of distilled water (solution I), 0.5 g of K2HPO4-0.5 g of KH2PO4-2.2 g of CH3COONH4 (solution II), 2.0 g of MgSO4-7H20-0.1 g of MnSO4 H20-0.1 g of NaCl-0.1 g of FeSO4 7H20 (solution III), and 100 mg of p-aminobenzoic acid-100 mg of thiamine-1 mg of biotin (solution IV). Solutions I and II were autoclaved separately, cooled to room temperature, and subsequently mixed. Solutions III and IV were filter sterilized with a 0.2 pum pore size filter (Nalgene Labware Div., Nalge/Sybron Corp., Rochester, N.Y.). Portions (10 and 1 ml) of solutions III and IV, respectively, were added aseptically to the glucose-buffer solution. The final pH of the P2 medium was 6.6. Following 1 h of incubation in P2, the culture was challenged with filter-sterilized n-butanol solution to give a final concentration of 1.5% (vol/vol). The culture was incubated for an additional 48 h to allow for cell growth and then stored anaerobically at room temperature.
Culture conditions, media, and chemical reagents. C. acetobutylicum cultures were routinely grown under an anaerobic atmosphere (85% N2, 10% C02, 5% H2) in an anaerobic chamber (Coy Laboratory Products, Inc., Ann Arbor, Mich.). Media, distilled water, and n-butanol were placed in the anaerobic chamber at least 24 h before use to ensure the complete removal of oxygen. Glucose-soluble medium (21) was used in the development of butanol tolerance in the SA-2 strain. BHI and P2 media were used to grow cells for challenge studies, lipid determinations, fluorescence depolarization, and mutant stability studies. trans-Parinaric acid (trans-9,11,13,15-octadecatetraenoic acid) was obtained from Molecular Probes (Junction City, Ore.) and purified for use by dissolving in absolute ethanol and passage through a silicic acid column (Sep-Pak 51900; Waters Associates, Inc., Milford, Mass.). A stock solution ( Analysis of fatty acid composition. Fatty acid methyl esters (FAMEs) were prepared by using whole cells and a methanolic-based reagent (29) . The reagent was prepared by mixing 20 ml of a 25% (vol/vol) solution of sodium methoxide (Aldrich Chemical Co., Inc., Milwaukee, Wis.) with 40 ml of anhydrous methanol. Then, 1 ml of wet-packed cells, 1 ml of benzene, and 1 ml of methanolic base reagent were added into a Teflon (E. I. du Pont de Nemours & Co., Inc., Wilmington, Del.)-lined screw-cap tube (18 by 150 mm). The tube was sealed and heated in a water bath at 80°C for 20 min. The sample was allowed to cool to room temperature before 3 ml of water and 3 ml of diethyl ether were added and vortexed. The lower aqueous phase was removed and discarded, while the upper benzene-ether layer was washed twice with 2 ml of water and dried over sodium sulfate crystals. The solvent layer, containing the FAMEs, was transferred to glass scintillation vials (15 FAMEs were identified by comparing the retention times with bacterial FAME standards (Supelco).
Analysis of cell membrane fluidity. Changes in the cell membrane state (lateral phase separation) were followed by using fluorescent depolarization (18, 19, 23, 25, 27, 32, 33) . Cells were suspended in 6 ml of 0.1 M potassium citrate buffer to give a scattering optical density at 300 nm of 0.2. trans-Parinaric acid (0.5 mM; 9 pI) was added to 3 corrections for scattering, and G is the grating factor equal to the orientations of the filters (4) .
Immediate effect of butanol on cell membrane fluidity. The immediate effect of butanol challenge on the membrane fluidity of C. acetobutylicum ATCC 824 and the butanoltolerant SA-2 mutant was also determined. Cells were grown as described above, except that 500 ml of P2 culture was challenged with 0 and 1.0% (vol/vol) butanol. Cells were initially sampled at 0. Extraction of total lipids. Total lipids of C. acetobutylicum ATCC 824 and the SA-2 mutant were extracted by a modification of the method described by Bligh and Dyer (2) and Mahfouz et al. (22) . The cellular material (whole cells or membrane fragments) was transferred to a 125-ml Erlenmeyer flask, and 30 ml of a 1:2 ratio of chloroformmethanol was added. The slurry was agitated at 150 rpm on a laboratory rotary shaker (model G2; New Brunswick Scientific Co., Inc., Edison, N.J.) for 3 h. The suspension was transferred to a 50-ml polypropylene centrifuge tube with a plug seal cap (Corning Glass Works, Corning, N.Y.) and centrifuged at 900 x g for 5 min. To the supernatant was added 10 ml of chloroform and 10 ml of water, which was vortexed and then centrifuged at 900 x g for 5 min to facilitate phase separation. The upper aqueous layer and the interface were discarded. The lower chloroform layer was washed with 10 ml of 0.1 M KCl. After additional centrifugation (900 x g for 5 min), the upper layer and interface were again discarded. The lower chloroform layer was washed two times with deionized distilled water. The lipid extract was dried under N2 and suspended in 0.1 ml of a 19:1 ratio of chloroform-methanol.
Analysis of phospholipids. Quantitation of total phospholipids was carried out colorimetrically with ammonium ferrothiocyanate (34) . Individual phospholipids were separated by thin-layer chromatography (10, 13 
RESULTS
Butanol challenge of C. acetobutylicum at various temperatures. The effect of butanol challenge at three different temperatures (22, 37, 42°C) on the specific growth rate of C.
acetobutylicum ATCC 824 and SA-2 in P2 medium is shown in Fig. 1 . The growth response for SA-2 indicates that it has a higher tolerance to butanol than does the ATCC 824 strain at all butanol challenge and temperature combinations except 1.5% butanol and 42°C. When challenged in P2 medium at 37°C, the specific growth rate of the parent strain was inhibited 50% by 1.1% (vol/vol) butanol, whereas SA-2 was inhibited 50% by 1.4% butanol. This is equivalent to a 27% increase in butanol tolerance by the SA-2 strain. In the presence of 1.5% (vol/vol) to grow at the 1.5% butanol challenge level at either 37 or 22°C; however, this strain was unable to grow when so challenged at 42°C. The maximum specific growth rates for unchallenged C. acetobutylicum ATCC 824 and SA-2 strains were 0.066 and 0.087, respectively. Although the specific growth rates (calculated between 0 and 8 h) were consistently higher for the mutant versus the wild-type strain, the unchallenged SA-2 strain demonstrated a lower maximum cell density over the course of the 48-h fermentation (data not shown). This coincided with an altered pH profile that was characterized by the lack of a definite pH break point during the fermentation by SA-2. The pH of the fermentation broth continued to drop to as low as 4.3. Conversely, the unchallenged parent strain demonstrated pH break points at 5.2, 5.1, and 5.0 at 22, 37, and 42°C, respectively. The production of butyric acid, butanol, and acetone by both strains over the course of a 48-h fermentation at 22, 37, or 42°C in P2 medium was examined (Fig. 2) . The SA-2 strain produced increasing amounts of butyric acid at each temperature, with the most being produced at 42°C. Although the butyric acid concentration also increased over the course of the fermentation when the ATCC 824 strain was grown at 42°C, there was an initial increase followed by a decrease to a low butyric acid concentration when this strain was grown at either 22 or 37°C. These results correspond with the production of butanol when the ATCC 824 strain was grown at either 22 or 37°C, while butanol production was lower for this strain when grown at 42°C. On the other hand, the SA-2 Because of the presence of neutral lipids (diglycerides and free fatty acids) in Clostridium spp. (13), it was necessary to determine if these lipids interfere with an examination of membrane lipid compositional changes. There was no statistical difference (P = 0.1) between the FAMEs prepared from intact cells versus that prepared from cell membranes. Lipids extracted from intact cells and cell membranes also exhibited similar thin-layer chromatograms. Although neutral lipids are not normally associated with plasma membranes, the chromatograms indicated the presence of monoand diglycerides, along with phospholipids, in both lipid preparations. It was, therefore, concluded that separation of the membranes from intact cells was not necessary in further analyses.
Analysis of cell membrane fluidity. The effect of growth at different temperatures and butanol challenge levels on the fluorescence polarization ratios for C. acetobutylicum ATCC 824 and SA-2 cell membranes during small-scale batch fermentation in P2 medium is shown in Fig. 4 . When unchallenged at 22, 37, or 42°C, both ATCC 824 and SA-2 exhibited relatively constant polarization ratio (P) readings over the course of the fermentation. However, in the presence of 1.0 or 1.5% (vol/vol) butanol, the ATCC 824 strain was characterized by dramatic changes in P values, while SA-2 maintained essentially constant P values at these challenge levels. Furthermore, it appears that the effect of butanol is dominant over the solidifying effect of low temperature, since challenge with 1.5% butanol at 22°C resulted in a dramatic decrease in P, indicating a fluidizing effect. Cellular growth appears to be necessary for butanol to fluidize the cell membrane (see also below). This is manifested by less of a change in P in those cases in which there is no growth (e.g., 1.5% butanol challenge at 37 and 42°C).
The immediate effect of 1.0% butanol challenge at 37°C on the cell membrane fluidity of C. acetobutylicum ATCC 824 and SA-2 was examined by observing changes in polarization ratios starting at 0.5 h postchallenge. These effects were observed under growth as well as nongrowth conditions (Fig. 5) . When unchallenged, the ATCC 824 strain demonstrated a 15.4% decrease in P within the first 2 h. The SA-2 strain showed a corresponding 6.4% decrease in P at 3 h. In both cases, there was a recovery back to starting values after ca. 6 to 8 h. When ATCC 824 cells were exposed to a 1.0% (vol/vol) butanol challenge, there was a dramatic decrease in P (43.6%), followed by recovery to starting values within 9 h. Under the same conditions, SA-2 displayed only a 12.3% reduction in P, which rapidly recovered to starting values within 4 h. Under nongrowth conditions, ATCC 824 and SA-2 demonstrated no apparent change in P in the presence or absence of butanol challenge.
Alterations in total lipid composition. There were no obvious differences between ATCC 824 and SA-2 in the relative abundance of phosphatidyl ethanolamine, phosphatidyl glycerol, and cardiolipin, as examined by thin-layer chromatography. Consequently, no attempts were made to quantitate the results.
The presence of plasmalogens in exponential-and stationary-phase ATCC 824 and SA-2 cells was also examined. The 1.0% butanol-challenged ATCC 824 strain demonstrated a 102 and 95% increase in plasmalogen content in exponentialand stationary-phase cells, respectively. On the other hand, 1.0% butanol-challenged SA-2 demonstrated a 10 and 3% decrease in plasmalogen content for exponential-and stationary-phase cells, respectively.
DISCUSSION
The few studies that have been carried out on the lipid composition of the clostridia (14, 36) have been limited to the use of wild-type strains. By comparison with the wild-type strain, the use of a butanol-tolerant mutant of C. acetobutylicum in this study allows for an examination into the role of lipid composition and membrane fluidity in enhanced butanol tolerance.
E. H. Carnarius (U.S. patent 2, 198, 104, 1940) found that the butanol concentration could be increased by 3 to 5% by cooling a molasses mash from 30 to 24°C. This suggests that growth temperature, which affects membrane fluidity, may be used to offset the disruptive effect of butanol. Since both butanol and elevated temperature act to fluidize the cell membrane, these factors in combination would be expected (6, 9, 17) in P2 synthetic medium during the development and maintenance of butanol tolerance.
There have been some recent reports in which the effect of butanol on the membrane lipid composition of C. a(cetobutylicurm has been described (20, 36 (20) , respectively, may be attributed to the yeast extract present in their culture media. In the preparation of FAMEs, the sodium methoxide method required less cellular material and fewer processing steps than did the BCI3-methanol method used by the other investigators. In addition, the BCI3-methanol method has been reported to form artifacts and cause a reduction in unsaturated fatty acids (12) .
The influence of alcohols and growth temperatures on the membrane lipid bilayer has been studied extensively. Results of studies with model membranes (28) , animal cell membranes (25) , and bacterial membranes (11) acetobitylicunm (20) and E. coli (31) It has been suggested that plasmalogens represent important membrane-modulating components because of their limited existence in certain mammalian tissues (e.g., central nervous system, heart, and skeletal muscle) that are under extremely varied physiological conditions (8) . Among microorganisms, plasmalogens have only been found in obligate anaerobic bacteria, in which they can constitute more than half of the total phospholipids (13) . Our results indicate that a dramatic increase in the plasmalogen content did not improve the ability of the parent strain to grow in the presence of butanol challenge. In the case of the SA-2 mutant, there was very little change in its plasmalogen composition when SA-2 was exposed to butanol.
The SA-2 mutant is more butanol tolerant than the parent strain, because it is better able to adjust its membrane lipid composition in such a way so as to maintain a stable environment for cellular functions. The inability of the SA-2 strain to produce butanol may be a consequence of this adjustment. Since butyric acid is thought to reenter the cell to act as a carbon skeleton for butanol formation (24) , it is an interesting possibility that alterations in membrane fatty acid composition are responsible for the lack of butanol formation by the SA-2 strain. Studies are under way to determine if other cellular processes associated with butanol production (i.e., granulose accumulation, sporulation) are also affected in this strain.
